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ABSTRACT 
 
           In recent years, research in flexible electronic systems has paid increasing attention to 
their potential to create and manipulate new classes of applications (e.g., foldable and flexible 
display, flexible photovoltaic, epidermal electronics, and other systems) that can be integrated 
outside of conventional wafer-based electronics. With suitable choice of materials and design 
strategies, inorganic semiconductors (e.g., Si and GaAs) can be used on unconventional 
substrates for mechanical flexibility and high electrical performance. This thesis presents the 
fabrication of mono-crystalline silicon micro solar cells by using top-down approaches and a 
transfer printing technique by elastomeric stamp. I describe four related topics of silicon solar 
microcells which involve forming structures and assembling them by structured or non-
structured elastomeric stamps. Furthermore, this thesis demonstrates a strategy in which modules 
consist of large-scale arrays of interconnected high-performance ultrathin silicon solar microcells 
that are mechanically flexible, stretchable, and semitransparent, formed by anisotropic etching of 
bulk wafers and integrated onto unusual substrates.  
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Chapter 1. INTRODUCTION 
 
During the last half century, aggressive research in the silicon photovoltaic industry has 
focused on improving performance and cost, and developing structures for light trapping, in 
which lightweight, flexible substrates facilitate system transport and use. These efforts create 
substantial interest in materials and fabrication techniques that enable photovoltaic devices to be 
formed, in scalable ways, directly on flexible substrates such as metal foils or ideally on thin 
sheets of plastic. Following this current research trend, my research group reported silicon PV 
devices with high efficiency, reducing the usage of silicon per unit power output, user definable 
module transparency, and mechanical flexibility. This thesis will explore a combination of 
theoretical and experimental studies for the development, characterization and optimization of 
silicon microstructures for photovoltaic applications using large area electronics fabrication 
techniques. 
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Chapter 2. ULTRATHIN FLEXIBLE SILICON PV 
 
2.1 Introduction 
Single-crystal silicon represents the dominant cell material for PV devices. The current 
trend in silicon PVs is to reduce the amount of silicon usage, because the use of high quality 
silicon wafers contributes a substantial fraction (~ 50 %) to the overall cost of mono-crystalline 
silicon solar modules. Therefore, there is significant interest in reducing the thickness of 
conventional ‘bulk’ silicon solar cells. For example, current bulk silicon devices have an average 
thickness of 300 μm and recently various attempts have been demonstrated that reduce this 
thickness to 150 μm; however, it is impractical to handle and process wafers in this thickness 
range using conventional fabrication strategies [1]. Current research in silicon photovoltaic 
device focuses on developing thin film PV devices, preferably from low cost materials or 
processing methods [1, 2]. We find a way to reduce the cost of silicon solar cells and enable the 
fabrication of mechanically flexible solar arrays that are semitransparent and lightweight by 
using a top-down approach and transfer printing techniques [3- 5]. 
 
2.2 Experimental  
For instance, implementing the processing procedures depicted in Figure 2.1 (a), [3] 
begins with a p-type (111) Czochralski silicon wafer (3 inch diameter, 1–10 Ω-cm, 450 mm 
thickness, Virginia Semiconductor) deposited with a layer of SiO2 (600 nm) formed by plasma-
enhanced chemical vapor deposition (PlasmaTherm SLR). The SiO2 was lithographically 
patterned to expose regions of the silicon in narrow parallel stripes. Inductively coupled plasma 
reactive-ion etching (STS ICP-RIE) formed trench structures in the silicon, with experimentally 
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optimized typical depths of 15–20 μm, widths of 50 μm, and length of 1.55 mm. Selective 
doping of emitter and bottom contact areas used solid-state sources of boron (BN-1250, Saint 
Gobain) and phosphorus (PH-1000N, Saint Gobain) at 1000 °C under N2 atmosphere for 30 min 
(boron) and 10 min (phosphorus). Protecting the top surfaces and sidewalls with a bilayer of 
SiO2/Si3N4 mask, KOH solution etches Si <110> much faster than the other directions and fronts 
proceed in anisotropic horizontal fashion until they meet to complete the undercut and release 
freestanding single-crystal silicon. Boron solid-state source doping performed repeatedly at the 
exposed bottom side after KOH anisotropic etching [6] created a lateral p-n junction. Completely 
KOH etched micro-bar cells can be selectively picked up with a soft elastomeric 
polydimethylsiloxane (PDMS) stamp, then printed onto a glass substrate using photo-cured 
polymer (NOA61, Norland Product Inc.) served as a planarizing layer and as an adhesive layer 
for the transfer printing process. Figure 2.1 (b) gives the lateral dimension of an individual 
microcell. An individual cell (L = 1.55mm) consists of phosphorus-doped (Ln+ = 1.4mm), boron-
doped (Lp+ = 0.1mm), and intrinsic regions respectively. 
 
2.3 Basic Theory of Solar Cells 
The basic theory [7, 8] of any solar cell is that when it is illuminated with photons with 
energy hv greater than Eg, the band gap of a material, the photon is absorbed and causes electron-
hole pairs (EHPs) to be generated. The separation of these charge carriers is driven towards the 
end of the contacts by the built-in spatial asymmetry. This separation of charge gives rise to an 
open circuit voltage in the case of open circuit, and generation of a photocurrent in a short 
circuit.  When the load is connected to an external circuit, power output can be generated through 
the load.  
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The efficiency (η) and the fill factor (FF) are parameters that show the performance of a 
solar cell. The higher these two values, the better the cell performance. The efficiency of the 
solar cells is expressed as 
    
𝐽𝑚𝑉𝑚
  
 
and the fill factor is 
𝐹𝐹  
𝐽𝑚𝑉𝑚
𝐽 𝑐𝑉𝑜𝑐
 
where Jm and Vm are the current density and voltage at the maximum power point (JmVm = Pm, 
the maximum power), Ps is the incident light power density, Jsc is the short circuit current 
density, and Voc is the open circuit voltage. The short circuit current can be defined as 
𝐽 𝑐  𝐽0(exp (
𝑞𝑣
𝑛𝑘𝑇
) − 1) 
Voc also can be determined as 
 𝑉𝑜𝑐  
𝑛𝑘𝑇
𝑞
ln(
𝐽 𝑐
𝐽𝐷
+ 1) 
One of the unique characteristics of these solar cells is that there is sidewall emitter doping for an 
increased junction area, and the basic idea for the inverse design is to increase the area even 
more by reducing shadowing by metal interconnects, which will improve the cell performance.  
 
2.4 Results and Discussion 
The I-V measurements were made using a DC source meter (model 2400, Keithley), and 
a 1000W full-spectrum solar simulator (model 91192, Oriel). The power of the light from the 
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solar simulator was measured with a broadband detector (model 70268, Newport) and a power 
meter (model 70260, Newport). 500 data points were collected by sweeping from -0.5V and 
+0.6V, and these data points were used to calculate the efficiency and fill factor values. I-V 
measurements were done under AM 1.5D illumination. The efficiency of the p-n junction design 
ranged from 6 to 8%. Figure 2.2 (a) illustrates the initial light illumination test results, where the 
best efficiency is 9.5% (Figure 2.2 (b)) and the maximum fill factor is 0.72 (Figure 2.2 (c)), and 
Figure 2.2 (b) shows the many-cell efficiency data. This result shows that ultrathin silicon PV 
gives higher volumetric efficiency than conventional silicon since the maximum reported 
efficiency of conventional rigid base solar cells is 25.9%, but the material thickness is around 
250~500 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
6 
 
2.5 Figures 
 
 
 
Figure 2.1 (a) Silicon microcells fabrication process. (b) Lateral dimension of silicon microcell. 
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                               a)                      
 
                               b)                              
 
                              c) 
 
Figure 2.2 (a) J-V data from an individual cell with the microcell design. (b) Statistical data of efficiency 
measurement. (c) Statistical data of calculated fill factor. 
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Chapter 3. MECHANICALLY STRETCHABLE SILICON PV 
 
3.1 Introduction 
This chapter describes the design, fabrication and electrical characterization of a type of 
silicon solar cell module that uses aligned arrays of ultrathin (10 μm) silicon microcells 
fabricated by patterning and anisotropic etching of bulk silicon (111) wafers. Stretchable solar 
modules that incorporate silicon microcells show good electrical properties with solar cell 
efficiencies as high as 8% for an individual silicon microcell and 8% for arrays of microcells 
connect in parallel. We also present an analytical model used to predict the levels of strain 
experienced in the critical layers of these systems and the corresponding I-V characteristics 
under mechanical deformation. These results may represent important steps toward a low-cost 
approach to large-area and wearable solar applications. 
Conventional photovoltaic modules and devices typically exist in planar layouts on flat 
rigid surfaces such as expensive semiconductor wafers and fragile high-quality glass plates [1, 2]. 
Ease of fabrication is the primary reason for implementing these substrates and configurations 
for solar cell fabrication. Advantages of these substrates include high thermal stability and high 
performance due to the high quality and control over the interfaces of the individual layers. The 
disadvantages of these substrate configurations include their unattractive mechanical properties 
and their bulky layout, which make these systems incompatible for use in rugged environments 
or in situations that require curvilinear surfaces or other niche applications. Solar cells formed on 
thin flexible plastic substrates [3, 4], ultrathin silicon strips [5], and metal foil substrates [6] are 
all possible alternatives that alleviate some the aforementioned issues, but they can only be 
applied on a narrow class of surfaces, thereby limiting application possibilities. 
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Stretchable photovoltaics represent a new and much more technically complex class of 
solar cells in comparison to solar modules that offer only simple bendability. A stretchable solar 
module is defined as a module that can accommodate high levels of strain (>>1%) without 
mechanical failure or significant changes to its electro-optical properties. This requirement is 
critical for modules that operate on and are conformally wrapped around complex curvilinear 
surfaces such as structural components of an aircraft or a warship, military war fighter uniforms 
and tents, mobile devices and enclosures, and others. 
Here we introduce design concepts for stretchable photovoltaic modules that use ultrathin 
silicon microcells fabricated from bulk wafers, in mechanically neutral plane mesh layouts 
integrated on elastomeric substrates. These layouts and systems were inspired by our recent work 
on stretchable electronic circuits [7-9]. Experimental and theoretical studies of their electrical 
and mechanical properties illustrate their mode of operation and provide guidelines for materials 
choices for the fabrication of this type of module. 
 
3.2 Experimental   
Silicon microcell fabrication processes begin with a p-type (111) Czochralski silicon 
wafer (3 inch diameter, 1-10 Ω cm), 450 μm thick (Virginia Semiconductor), that was coated 
with a layer of SiO2 (600 nm) formed by plasma-enhanced chemical vapor deposition. 
Inductively coupled plasma reactive-ion etching was used to form trench structures of 10 μm 
thickness.  Selective area doping of emitter and bottom contact area was conducted using solid-
state sources of boron (BN-1250, Saint Gobain) and phosphorus (PH-1000N, Saint Gobain) at 
1,000 °C under N2 atmosphere for 30 min (boron) and 15 min (phosphorus) with a doping resist 
 
 
11 
 
mask for boron and phosphorous doping. Anisotropic etching in KOH followed by back surface 
field formation (boron doping at 1000 °C for 10min) completes the processing. 
Stretching tests were performed with automated assemblies that can apply tensile or 
compressive strains in x, y, or diagonal directions.  Light and dark I–V measurements of μ-cells 
were carried  out at room temperature  using a dc source meter (model; 2400, Keithley) operated 
by LabVIEW5, and a 1,000W full-spectrum solar simulator (Oriel model 91192, 100 mm source 
diameter, ±4 collimation) equipped with AM 0 and AM 1.5 direct filters. The input power of 
light from the solar simulator was measured with a power meter (Newport model 70260). The 
solar-energy conversion efficiencies and related calculations reported here rely on the spatial 
dimensions of the microcells rather than the surface area of the test structure and do not 
explicitly account for the light entering the edges of the cells. In some measurements light piping 
contributed a significant amount of photocurrent. This is far more important for individual 
devices than for arrays. 
Figure 3.1 shows a schematic representation of the steps for the fabrication of stretchable 
solar cell modules, which consist of transfer printing a 6 × 6 array of 10 μm thick microcells onto 
a glass slide coated with a sacrificial layer of PMMA (~200 nm) and a 12 μm thick photocurable 
NOA (NOA61, Norland Product Inc.) layer as shown in Figure 3.1 (a). Metal contacts were 
formed via sputtering Cr/Au (5nm/500nm) followed by etch back in the corresponding etchants. 
A single row contains 36 microcells connected in parallel. The modules are then encapsulated by 
a second layer of NOA (12 μm) (i.e., neutral mechanical plane) which protects the microcells 
during mechanical deformation by reducing the degree of strain of the most brittle materials in 
the system (i.e., Si and the metal). A mesh design composed of islands (i.e., microcell area) 
interconnected by thin rectangular or s-shaped ribbons (bridges) is then etched by oxygen RIE 
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followed by releasing the solar modules from the glass substrate by dissolving the PMMA in a 
solution of acetone with ultrasonication. A PDMS stamp is used to retrieve the released module 
and a thin layer of SiO2 (300 nm) and Cr (3 nm) is selectively deposited via electron beam 
evaporation through a shadow mask, which exposes the backside of the island area while 
protecting the interconnected ribbons from the incoming flux. Transfer printing the fabricated 
module onto a biaxially pre-strained PDMS substrate upon release leads to the formation of pop-
up structures that can accommodate mechanical deformations from all directions. Improved 
adhesion to the PDMS slab is enhanced by selective deposition of SiO2 on the underside of the 
solar module. We recently demonstrated this approach for applications in stretchable electronic 
circuit design. However, in this study the layouts, materials and the thicknesses (i.e., 22 μm) are 
different which lead to different mechanical properties and considerations for materials choice. 
Modules fabricated in this way can be stretched and compressed up to 30 % without mechanical 
failure. 
Figure 3.2 (a) depicts scanning electron and optical micrographs of the completed micro 
solar cell fabrics. As depicted in Figure 3.2 (b) upon releasing the strain of the PDMS substrate, 
the islands (silicon active area) remain rigidly bonded to the PDMS substrate while the 
interconnect ribbons move up and down and in the out-plane direction forming arc-shaped 
ribbon structures.  
 
3.3 Results and Discussion 
These arc-shaped ribbons stretch and compress because they are not bonded to the PDMS 
substrate, and move in a way that accommodates applied mechanical deformations. Only weak 
van der Waals forces are present between the bridge and the strained PDMS slab. Due to the 
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flexible and stretchable nature of these fabrics, they can be conformally wrapped around 
curvilinear surfaces without significant degradation to their mechanical and or electrical 
properties, as will be described later. Figure 3.2 (c) depicts the completed stretchable module 
consisting of 36 microcells wrapped around a glass tube with a radius of curvature of 2 mm. 
Solar fabrics with arc-shaped ribbons can accommodate strain levels as high as 15 % without 
failure. Strain levels > 15% lead to mechanical failure at the points where the ribbons meet the 
islands for stretchable fabrics with arc-shaped ribbons. More advanced designs that contain 
narrow interconnect and serpentine geometries were fabricated to increase the deformation level 
tolerance, and to achieve the targeted stretching degree (i.e. 30%). Figure 3.3 (a) shows SEM and 
optical images of stretchable fabrics composed of s-shaped interconnect ribbons.  
A representative IV curve for a single silicon microcell on a planar rigid substrate is 
depicted in Figure 3.4 (a). Single devices exhibit efficiencies of 7-8%, Voc of 0.51V and a fill 
factor of 0.68. Increasing the cell thickness, adding light-trapping schemes or antireflection 
coatings can enhance these metrics to levels comparable to those displayed by conventional solar 
cells. Inset is an optical micrograph of an array of silicon microcells, with a length of 600 μm, 
width of 45 μm and thickness of 10 μm transfer printed onto NOA/PMMA/glass slide substrate. 
Metallization to these microcells was accomplished by sputtering Cr/Au interconnects designed 
to metallically interconnect the string of cells in parallel. Simple modifications to this layout can 
also string the cells in series for the fabrication of modules with high voltage outputs. Figure 3.4 
(b) depicts a single-pixel array of 6 microcells in parallel interconnection. The result shows an 
efficiency of 7.5% and Voc of 0.50V.  In either case of single microcell or interconnected 6 
microcells, the performance does not show noticeable degradation.  
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To predict the levels of deformation and spatial layouts which are optimal for these 
stretchable fabrics, an analytical model was developed and was used to perform finite element 
modeling studies of the experimental systems. The metal interconnects are modeled as a 
composite beam whose displacements have a sinusoidal form, with the amplitude determined by 
energy minimization. The island area is modeled as a composite plate and the PDMS substrate is 
modeled as a semi-infinite solid. The total energy of the system is defined as the membrane and 
bending energy of the metal interconnect and island area and the strain energy in the substrate. 
The analytical equation is:  
 
 
 
where        
0  is the length of the ribbon interconnect prior to stretching,         is the length 
after stretching, and h, hm, h1 correspond to thickness of the individual layers of the system. 
Figure 3.5 (a) and (b) are schematic illustrations of the analytical model used to determine the 
amount of stress experienced in the solar fabrics for the interconnect area and the island area 
respectively. Figure 3.5 (c) shows the FEM simulation results for the strain across the 
interconnects with a prestrain of 22%. The maximum strain experienced by this area of the 
system at the max amplitude point is equal to 2.6 × 10
-3 
and the max strain experienced in the 
island area under mechanical deformation is 1.5 × 10
-4
 as shown in Figure 3.5 (d). This analytical 
model allows one to predict the appropriate choices of materials and layout design in order to 
ensure that the more brittle elements of our system experience the least amount of strain during 
operation. The quantitative aspects of this model will be compared to experimental results and 
will be described next. 
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Figure 3.5 (a) shows optical micrographs depicting the stretching directions and modes 
for 30% of strain using serpentine solar fabrics. Figure 3.5 (b) shows the IV response of a non-
optimized solar fabric during operation as illustrated in Figure 3.5 (a). These PV systems where 
fabricated with a prestrain of 22%, which is suitable for most of the envisioned applications. 
When the fabric is stretched in the x-direction the bridges (interconnects) flatten, while the 
polymer interconnects in the y-direction rise slightly from the plane depending on the degree of 
applied strain. As depicted in this figure the layout of the system accommodates most of the 
strain experienced by the fabrication steps and that applied during use. Slight decrease in current 
can be attributed to possible light scattering coming from interconnects that are in a flat state 
under stretching in the x-direction or cracks in the metal interconnects that are a result of the 
non-optimized layouts as determined by the modeling results; however, stretching in the y-
direction shows no changes in performance. Figure 3.6 (a) shows the optical images of x-y 
stretching with 30% applied strain, and Figure 3.6 (b) shows the J-V curve corresponding to each 
stretching mode. The system was functional without failure after 1000 cycles of stretching. 
Although important results are demonstrated in Figure 3.6, these levels of strain are not well 
suited for more mechanically demanding applications of stretchable PV. Changing the design of 
the bridge and fabrication of solar fabrics in optimized layouts per the theoretical results will 
lead to improved stretchability and open new application possibilities. 
Collectively, the results and the types of module reported here may create new 
possibilities for monocrystalline silicon photovoltaics. The design rules and layouts allow for 
high performance and elastic responses to high levels of strain. This type of stretchable solar cell 
could be the application for wearable solar cells or integrating silicon photovoltaics onto bio-
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MEMS devices. Designing interconnects that offer higher levels of deformation or examining 
other semiconducting materials represent fruitful areas of future research. 
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3.4 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic illustration of the processing steps for the fabrication of a stretchable module. (a) 
Metallization for interconnects. (b) Mesh array fabrication. (c) Transfer print mesh array onto a biaxially 
strained PDMS substrate. 
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Figure 3.2 (a), (b) Scanning electron micrographs of a stretchable photovoltaic module that uses arrays of 
microcells interconnected by arc-shaped ribbons, bonded to a rubber substrate. (c) Optical micrograph of 
a completed stretchable module on a glass tube with a 2 mm bend radius. 
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Figure 3.3 (a) Scanning electron micrograph of a stretchable photovoltaic module that uses arrays of 
microcells interconnected by serpentine ribbons, bonded to a rubber substrate. Inset shows a close-up 
image of an individual array. (b) Optical micrograph of a completed stretchable module on a glass tube 
with a 2 mm bend radius. 
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Figure 3.4 Current-voltage curves for (a) an individual microcell and (b) an interconnected microcell 
array. Insets show optical images of the devices. Scale bar is 300 m. 
 
 
 
a) 
b) 
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Figure 3.5 Schematic illustrations of the analytical model used to calculated the level of strain present in 
the interconnect area (a) and the island area (b). (c) Finite element solution for the strain in the 
interconnect area and (d) in the island area. 
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Figure 3.6 (a) Optical images of a stretchable fabric (serpentine shaped) illustrating the mechanical 
deformations modes. (b) Current voltage curves of solar fabrics stretched 30% in x (black), y (red) 
directions, and 0% (blue) stretching mode. 
b) 
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Chapter 4. COMPACT SILICON MINIMODULES WITH HIGH-VOLTAGE OUTPUT 
 
4.1. Introduction 
Silicon continues to represent one of the most compelling materials for solar energy 
conversion; it remains the dominant choice for commercial photovoltaic applications.  Research 
in this area focuses mainly on enhancing the conversion efficiency of non-crystalline silicon, 
reducing the materials usage per unit power output and relaxing the requirements on purity.  Thin 
films of amorphous or microcrystalline silicon and thin sheets of single crystalline silicon 
represent the most widely explored routes to efficient materials utilization. Recently, we reported 
an alternative strategy that involves production of ultrathin and small silicon solar cells (i.e., 
microcells) from bulk, commodity wafers by use of lateral anisotropic etching techniques, 
followed by assembly of these microcells into interconnected arrays by use of soft, transfer 
printing methods.  Here we describe modules that exploit large collections of such microcells 
printed to allow series electrical interconnection for compact modules (0.95 cm × 0.63 cm) that 
are capable of producing high-voltage outputs. When formed on thin sheets of plastic in 
optimized neutral mechanical plane designs, these modules can bend to radius of curvature as 
small as ~ 2 mm without any measureable changes in the mechanical or electrical properties. 
These devices provide a relatively simple route to low-cost, high-voltage flexible photovoltaic 
device, suitable for portable and wearable electronic applications. 
A type of compact (~cm
2
) high-voltage photovoltaic module that utilizes large collections 
of ultrathin (~15 m), small (~45 m wide, ~1 mm long) silicon solar cells was fabricated and 
characterized.  Integration on thin sheets of plastic yields small, flexible modules with per-cell 
efficiencies of ~8%, voltage outputs >200 V and maximum power outputs >1.5 mW.  
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In the past several years the photovoltaic (PV) market has experienced rapid growth, with 
Si (in various crystalline forms) constituting ~90% of the market [1].  Enhancing the conversion 
efficiency of non-crystalline silicon [2], reducing the usage of silicon per unit power output [3] 
and relaxing purity [4] requirements on silicon feedstock represent some priorities for research. 
Routes for reducing silicon usage and facilitating large area processing, both with the potential to 
lower costs, include use of ultrathin layers of either amorphous or microcrystalline silicon [5]. 
The main disadvantage of these approaches is the diminished performance of the associated solar 
cells compared to similar devices formed with monocrystalline silicon. One alternative strategy 
to large area, materials-efficient cells relies on anisotropic etching procedures to create thin 
‘slivers’ of silicon from bulk wafers, followed by mechanical manipulation to form modules [6]. 
Recently, we reported a complementary approach that first creates ultrathin bars, membranes or 
ribbons of silicon from the near surface of a wafer. This uses procedures originally developed for 
thin silicon electronic devices [7, 8], and assembles the elements, each configured as a separate, 
functional solar cell (i.e., a microcell, or -cell), in ordered arrays on a target substrate by use of 
a soft printing process [3]. These techniques allow for the fabrication of compact modules out of 
hundreds or thousands of such microcells, with good efficiencies and the capacity to exploit 
silicon in unconventional module designs. These offer, for example, mechanically flexible and 
even stretchable formats, semitransparent layouts, and ultralow profile micro-concentrator 
designs.  
An important additional feature of the microcell module construction introduced here is 
the relative ease with which the outputs can be configured for high voltage. Such layouts can be 
important for driving devices that require high (e.g., microelectromechanical systems and certain 
classes of electronic paper technologies) or even moderate voltage (logic circuits), and they can 
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also be exploited to reduce series resistance losses.  Recent reports describe small scale modules 
with high voltage outputs based on thin films of polymer [9] and crystalline silicon [10] as active 
materials. The former case employs a structured design that offers the possibility for cost- 
effective, mechanically flexible modules, but with efficiency and long-term reliability limited by 
the polymers. The latter example involves the use of a rigid, silicon-on-insulator wafer whose 
cost is unlikely to be compatible with most applications. Neither system offers the combination 
of small-scale design, robust high-performance operation and mechanical properties required of 
some of the most demanding (i.e., mechanically) or otherwise interesting applications.  
 
4.2 Experimental  
The fabrication for the microcells reported here uses processes whose details are 
described elsewhere [3]. Briefly, the process begins with a p-type (111) Czochralski silicon 
wafer (3 inch diameter, 1-10 Ω cm, 450 μm thickness, Virginia Semiconductor) coated with a 
layer of SiO2 (600 nm) formed by plasma-enhanced chemical vapor deposition (PlasmaTherm 
SLR). The SiO2 was lithographically patterned with stripe openings. Inductively coupled plasma 
reactive-ion etching (STS ICP-RIE) [8] formed trench structures in the silicon, with typical 
depths of 15–20 μm and widths of 45 m. Selective doping of emitter and bottom contact areas 
used solid-state sources of boron (BN-1250, Saint Gobain) and phosphorus (PH-1000N, Saint 
Gobain) at 1000 °C under N2 atmosphere for 30 min (boron) and 10 min (phosphorus). 
Protecting the top surfaces and sidewalls with a bilayer SiO2/Si3N4 mask followed by immersion 
in a KOH bath resulted in undercut etching of the microcells, leaving them tethered to the 
underlying wafer only at their end points and ready for printing and integrating into modules.  
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Light and dark current (I) – voltage (V) measurements of microcells were carried out at 
room temperature using a dc source meter (model 2400, Keithley) and a 1000W full-spectrum 
solar simulator. For individual microcells the reported figures of merit are based on the spatial 
dimensions of the microcells, without accounting for coupling of light through the edges. 
Module level efficiencies are reported using both the aperture area (i.e., includes blank spaces 
between the cells; 0.95 cm × 0.63 cm) and the active area (i.e., only the silicon area exposed to 
incoming flux; 0.50 cm × 0.57 cm). In all cases, we used a diffusive backside reflector during 
measurements.  Certainly, there is a contribution from diffuse illumination and from the inter-
cell areas, but this inherent feature of the reported devices is a further benefit as it provides more 
power per unit area of the device. Electrical characterization of performance during bending 
involved mounting complete modules onto the outer surfaces of glass tubes with a radius of 
curvature of 4 mm. Light and dark I–V measurements at various bending geometries and bending 
radii were performed under ambient conditions. Fatigue tests were also performed, where one 
cycle corresponds to bending a module to a given radius and then relaxing it to the flat state. 
 
4.3 Results and Discussion 
Figure 4.1 (b) shows a scanning electron microscope (SEM) image of partially undercut 
microcells, tethered to the host wafer via anchor points at their ends; the widths, lengths and 
thicknesses were ~45 m, ~1.5 mm and ~15 m, respectively. The microcell layouts were 
fabricated such that p
+
 and n
+
 doped regions alternate from cell to cell, as shown in the colorized 
SEM image in Figure 4.4.1 (b). The green, red and grey areas represent phosphorus doped 
regions (1.30 mm long), boron doped regions (0.15 mm long), and undoped regions (0.05mm), 
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respectively. This design provides access for top-side contacts, thereby facilitating the wiring of 
individual cells for metal interconnection in series, in a monolithic fashion. 
Figure 4.2 (a) provides a schematic illustration of transfer printing microcells (via an 
elastomeric stamp; PDMS) for integration into modules. The microcells are tethered onto the 
host wafer via anchor points [11] as illustrated in Figure 4.2 (b). Placing the PDMS stamp on the 
surface of the microcells, followed by quickly lifting the stamp [12], removes the microcells 
from the host wafer (Figure 4.2 (c)). Insets in Figure 4.2 (b) and 4.2 (c) show close-ups of the 
anchor regions before and after retrieval of the stamp, respectively. The PDMS stamp is used to 
print the cells onto a layer (~ 30 m) of photocurable polyurethane (NOA 61; Norland Optical 
Adhesive) spin-coated onto a glass slide (carrier substrate). Metallization via sputter coating of 
Cr/Au (5 / 600 nm) followed by photolithography and etching of the exposed metal defined 
interconnect wiring. For flexible systems, a second layer of NOA (30 m thick) cast on top of 
the printed arrays placed the fragile elements (i.e., metal and Si) close to the neutral mechanical 
plane of modules completed by removal from the carrier substrate. Figure 4.2 (d) illustrates a 
module consisting of 768 microcells connected in series. The metallization factor for this layout 
is ~ 16 %, defined as the fraction of device area covered in an individual microcell.  
Figure 4.3 (a) depicts a high-resolution SEM image of a section of the high-voltage 
minimodule which depicts the device layout. Figure 4.3 (b) shows the IV characteristics of a 
typical, individual microcell. The solar conversion efficiency ranged 6-8% with open circuit 
voltages (Voc) between 0.44-0.48 V, current densities (Jsc) of 23-26 mA/cm
2
, maximum power 
(Pmax) output of 3-4 W and fill factors of 0.67-0.68. Efficiencies in the current devices are 
limited by low Jsc and Voc values possibly due to carrier recombination at the metal contacts.  
Figure 4.3 (c) shows the IV characteristics for different numbers of rows of microcells (128 
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microcells per row) connected in series. An individual row fabricated in this way shows 
maximum voltage and power outputs of ~ 51 V and 0.37 mW, respectively. As shown in Figure 
4.3 (c), increasing the number of rows leads to systematic and expected changes in the 
characteristics, with voltage outputs of 51 V, 104 V, 155 V and 209 V for  1, 2, 3, 4  rows, 
respectively. Silicon solar cells with conventional dimensions would require much larger areas to 
generate the voltages produced here. The inset in Figure 4.3 (c) shows the maximum power (1.55 
mW) from a 0.95 cm × 0.63 cm module composed of 512 microcells. The aperture area and 
active area efficiency for this minimodule is 2.8% and 5.2%, respectively. Figure 4.3 (d) presents 
the scaling properties of the number of microcells interconnected in series and the corresponding 
voltage and maximum power outputs. The results scale in an almost linear fashion, as expected. 
Such arrays of microcells can also be wired in parallel for high-current applications, thereby 
allowing for a wide range of voltage and current requirements depending on the target 
application. 
A unique aspect of the printing approach to integration is the ability to assemble 
microcells on sheets of plastic in a scalable, deterministic and high-throughput manner, for the 
fabrication of flexible and rollable PV modules, in optimized neutral mechanical layouts. Figure 
4.4 (a) shows an optical image of a high-voltage flexible PV module conformally wrapped 
around a glass tube with a radius of curvature of ~ 7 mm. For a unit cell as shown in the inset of 
Figure 4.4 (b), analytical modeling gives the strain at position z as  for bending 
perpendicular (y-direction) to the interconnect direction, where R is the bending radius, 
is the position of neutral 
mechanical plane, ESi and ENOA are the Young’s moduli of silicon and NOA, and a, b, t, WSi and 
 0z z R  
     0 2 1 2 1Si NOA Siz a t a b a t b a b t E E W W          
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W are the geometry parameters as shown in the inset of Figure 4.4 (b) [3]. The maximum strain 
in the silicon is  
. 
   
Since the metal is very thin, its strain approximately equals to the strain at the top surface of 
silicon and is obtained as  
 
. 
    
Based on experimental structures and geometry layouts,  maximum strains in the microcells and 
metal interconnects are less than 0.4% for bending radius of 2 mm perpendicular (y-direction) to 
the interconnect direction [3]. Figure 4.4 (b) presents finite element modeling of the distribution 
of strain for outward bending to a radius of curvature of 4 mm along (x-direction) the 
interconnect direction, while Figure 4.4 (c) shows the IV characteristics of such modules in a flat 
state (un-bent), bent along (x-direction) and perpendicular (y-direction) to the interconnect 
direction and under a twisting deformation (45°). The results in Figure 4.4 (c) and mechanical 
fatigue test of up to 1000 cycles show little or no changes in the IV characteristics, consistent 
with the analytical modeling results.  
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 In conclusion, this work demonstrates a compact Si solar module capable of producing 
high voltage outputs in mechanically flexible designs. Demonstration experiments show voltage 
and power outputs >200V and >1.5 mW, respectively, and bendability to radii of curvature down 
to ~2 mm without significant changes in the solar cell figures of merit. These results illustrate 
some advantages of modules that rely on microcells and printing-based assembly techniques. 
The more general design consideration in this thesis might be useful for silicon solar and other 
classes of photovoltaic systems. 
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4.4 Figures 
 
 
 
Figure 4.1 (a) SEM cross-sectional view of partially undercut microcells. (b) Colorized SEM image of an 
array of microcells on a source wafer, ready for printing, illustrating the selective doping areas and 
microcell layout. Green regions correspond to phosphorous doped area (n
+
), red regions are boron doped 
area (p
+
) and gray areas are un-doped silicon.   
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Figure 4.2 (a) Schematic illustration of the transfer printing process used to fabricate high-voltage PV 
minimodules. (b) SEM image of fully undercut microcells tethered onto a Si wafer ready for printing and 
(c) SEM image of the silicon wafer after retrieval of the microcells. Insets in (b) and (c) show close up 
views of the anchor geometries before and after pickup. (d) Optical image of a completed minimodule 
consisting of printed microcell arrays metal interconnected in series by Cr/Au metal grid lines. 
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Figure 4.3 (a) SEM image of a section of a high-voltage minimodule depicting the device layout. The 
lighter regions (rectangular features) in the image of (a) correspond to the Au metal contacts. (b) Current-
voltage characteristics of an individual high-voltage silicon microcell. (c) Current-voltage characteristics 
of rows of Si microcells metallically interconnected in series from left to right: 1 row (blue), 2 rows 
(green), 3 rows (red) and 4 rows (black). Inset depicts the maximum power output of 512 microcells. (d) 
Scaling properties for voltage and power outputs of different microcells interconnected in series. 
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Figure 4.4 (a) Optical micrograph of a flexible high-voltage module conformally wrapped around a glass 
tube. (b) Color contour plot of calculated bending strains (εxx) through a cross-section of a high-voltage 
minimodule, bent outward along the cell width direction at a bending radius of 4 mm. Inset depicts the 
unit cell of the flexible modules, which is used to deduce the analytical modeling results. (c) Current-
voltage characteristics of a high-voltage minimodule in un-bent flat state, bent along the cell width and 
the metal interconnect pad width, and under a twisting deformation (45 °). 
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Chapter 5. ULTRATHIN FLEXIBLE SI PV WITH LIGHT-TRAPPING STRUCTURES 
 
5.1 Introduction          
With the thickness (~15-20 μm) of silicon for photovoltaics in the Rogers group, we were 
able to achieve good efficiencies (i.e., ~12% with backside diffuse reflectors) with silicon 
micocells, and this design used approximately one tenth the silicon materials of conventional 
silicon solar cells [1]. These designs enable efficient use of silicon, in forms that can achieve 
high efficiency [2-4], light weight, mechanical flexibility, high voltage outputs, and semi-
transparency [1, 2]. In addition to flexible silicon solar cells, mechanically stretchable silicon 
photovoltaics have been introduced in the previous chapter [5, 6]. Reducing the thickness even 
further than that of the Si PV is of interest to decrease the consumption of silicon [7, 8] and to 
enhance other module features, such as mechanical flexibility and radiation hardness that depend 
critically on thin geometries. These outcomes are relevant not only to the microcell technology 
described here, but also to other photovoltaic systems that benefit from thin construction and 
efficient materials utilization [9]. One disadvantage, however, is that the energy conversion 
efficiencies with such extremely thin design are poor due to lower absorption. The obvious 
limitation can be diminished by increasing the optical pass length through diffraction or 
scattering effect on solar cells. A common approach to improve such effects uses wet chemical 
etching (e.g., KOH, TMAH) to generate randomly shaped pyramidal posts [10]. Recent work 
reports that periodic grating structures give rise to great enhancement on optical path length [2]. 
In the following, we create the soft nano-imprint lithography to generate submicrometer, 
periodic structures of relief as light-trapping structures (LTS) on our microcells. Nanostructures 
of relief formed by molding and etching the surfaces of silicon microcells can improve their 
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performance significantly at thicknesses less than ~3 μm, due to diffractive and trapping effects 
that improve the absorption by increasing the optical path length. In addition to the light-trapping 
structures, back surface reflectors such as diffuse or specular mirror underneath the microcells 
enable the cell to absorb more photon flux from reflected light through the ultrathin microcells. 
Simulation based on rigorous coupled wave analysis (RCWA) and finite difference time domain 
(FDTD) methods supported yield guidelines for design rules and analysis into important optical 
effects. The significance of this result is not only that it reduces the usage of silicon, but also that 
it facilitates and enhances many of the characteristics that create interest in this micro-cell 
technology.   
 
5.2 Experimental 
The fabrication of ultrathin, less than 3μm thick, cells is carried out with a P-type 
Czochralski Si <111>, as a host wafer (1-10 Ω-cm, 450 µm thickness, Virginia Semiconductor). 
We deposited SiO2 600 nm on a silicon wafer using plasma enhanced vapor deposition 
(PlasmaTherm SRL). The sparse arrays of long stripe pattern to withstand high strain were 
formed lithographically, and we selectively etched away SiO2. The trenches of depth of 3.2-3.4 
µm in the exposed Si were grooved by inductively coupled plasma reactive ionic etcher (STS 
ICP-RIE). Etching these trenches in KOH/isopropyl alcohol (IPA)/DI transforms the rough and 
rounded trenches into grooves with perfectly rectangular cross sections and smooth surfaces, 
with dimensions that can be controlled precisely. This refining procedure represents an advance 
over previously described approaches, and is critically important to produce smooth surface 
morphologies with dimensions that can be selected over a wide range. After a refining step, 
selective solid state doping of boron and phosphorus at 1000 C° and 950 C° respectively for 25 
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min (Boron, BN-1250, Saint Gobain) and 10 min (Phosphorus, PH-1000N, Saint Gobain) 
produced a rectifying P-N junction. Deposition of conformal bilayers of SiO2/Si3N4 and a surface 
annealing process at 400 C° for 30 min protect the top surface of the silicon wafer. Protection of 
top and sidewalls by deposition of Cr/Au layers using e-beam evaporator (Tumescal, FC 1800) 
enabled etching the trench region of the dielectric layer selectively with the reactive ionic etcher. 
KOH (PSE-200, Transene) etching releases through the trenches in the Si <110> directions much 
faster than the other orientations of silicon. Release yield of ~99 % was achieved from the host 
wafers. Figure 5.1 (a) provides a scanning electron microscope (Hitachi s4800 SEM) image after 
partial undercut of microcell arrays, and Figure 5.1 (b) shows a close-up of an ultrathin 
microcell. Boron doping with a SiO2/Si3N4 mask at the bottom region created the fully functional 
2.5-3 µm extremely thin microcells. Arrays of microcells with an elastomeric stamp (PDMS) 
(Polydimethylsiloxane, Sylgard®  184 Silicone Elastomer Kit) using anchored fracture at the end 
of microcells can be selectively released, and 200 nm Ag as a back-surface mirror was directly 
deposited onto PDMS substrate using an electron beam evaporator. We then transferred released 
microcells onto foreign substrates. Figure 5.2 (a) shows the schematic image of the complete 
arrays of microcells transferred onto a glass substrate and an individual microcell highlighting 
the details of the doping characterization. An individual cell is 25 µm wide, 0.59 mm long, and 
~2.5 µm-3 µm thick; and the pink, grey, and blue areas in the microcell represent boron doped, 
un-doped, and phosphorus doped regions respectively. Figure 5.2 (b) describes a schematic 
representation of the steps for the fabrication of hexagonal light trapping-structures, which lie on 
the silicon surface. We imprinted the soft lithographically patterned elastomeric stamp onto the 
array of microcells coated with ~200 nm of epoxy (SU8, MicroChem, Inc., 4 wt % in 
cyclopentenone). After hard bake and release of an elastomeric stamp, the periodic features of 
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posts were formed. Through controlled reactive ionic etching with oxygen plasma, the residual 
epoxy at the base of the recessed area can be removed. The remaining epoxy layer serves as a 
mask, and we then removed the exposed silicon where the depth of the relief structure can be 
controlled by inductively coupled plasma reactive ion etching. Etching in O2 plasma of RIE 
eliminates the residual epoxy mask to form contacts and finalize the process of creating LTS. 
Figure 5.3 (a) provides top-view scanning electron micrographs of uniform array of hexagonal 
nano-posts with a periodicity of 500 nm, post diameter of 370 nm, and relief depth of 200 nm, 
created by soft nano-imprint technique. A thin layer of Si3N4 of (35 nm) and SiO2 (50 nm), which 
serves as an anti-reflection coating, is selectively deposited via plasma enhanced vapor 
deposition onto microcells. Deposition of Cr/Au as an aperture to avoid unnecessary photon flux 
in other than microcell areas, and lithographically defined patterning completed the fabrication 
process of ultrathin microcells with light-trapping structures. Figure 5.3 (b) illustrates 
schematically a completed microcell structure with light-trapping structures, anti-reflection 
coating, and back surface reflector.                                     
 
5.3 Results and Discussion 
Such light-trapping structures enhance absorption by reducing reflection at the front 
surface, increasing the optical path length through diffraction, and trapping higher order 
diffracted light due to total internal reflection. Thus, the design of the LTS is chosen to minimize 
reflections and maximize diffraction. Anti-reflection coating significantly reduces reflection 
compared to bare silicon. Through back-surface reflectors, some of the transmitted photon flux 
through the silicon reflects back and hits the back surface of the silicon such that microcells 
absorb more photon energy, increasing the optical path length. Figure 5.4 (a) shows the 
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absorption of the entire solar spectrum for bare silicon and bare silicon with LTS. The results 
show that the addition of LTS to silicon offers huge absorption enhancement in the entire 
wavelength range. Absorption in the bare silicon case is 27.6%. The absorption increased up to 
67.4% by addition of LTS. Hence, total absorption improvement over the bare silicon case 
increased by 2.4 times. Figure 5.4 (b) illustrates that simulation result of the absorption spectrum 
for bare silicon and bare silicon with LTS. The absorption in bare silicon is about 28.4%, and 
LTS structure gives the absorption of 74.4%. Total absorption increased approximately 2.6 times. 
As expected, the results show that calculated absorption agreed with the experimentally 
measured absorption. 
           The increase in absorption corresponds to an increase in the energy conversion efficiency. 
Figure 5.5 (a) indicates current density (J)-open circuit voltage (V) measurements of a single 
microcell prepared with various light-trapping methods using a simulated AM 1.5G illumination 
of 1000W/m2 room temperature. Several light-trapping methods were examined consecutively: 
Bare Si, bare Si with an ARC, with BSR, with BSR+ARC, with LTS, with LTS+ARC, with 
LTS+BSR, and with LTS+BSR+ARC. Representative energy conversion efficiencies were 2.90, 
3.7, 4.14, 4.69, 6.13, 6.68, 7.67 and 8.47 % respectively shown in Figure 5.5 (b), and fill factor in 
different configuration with light-trapping methods varies from 0.71 to 0.72. The 
LTS+BSR+ARC case obtained the highest overall energy conversion efficiency. Efficiency in 
bare silicon with LTS+BSR+ARC improved approximately 2.9 times compared to bare silicon. 
The enhancement in the energy conversion efficiency for LTS+bare silicon agrees with the 
enhancement in the experimentally measured and calculated absorption  
          These ultrathin micro cells provide other interesting features such as extreme bending. 
Figure 5.6 (a) presents an optical micrograph of arrays of ultrathin microcells conformally 
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wrapped around a glass tube with a radius of curvature of ~2mm. As we know, arrays of ultra-
thin microcells can withstand extreme bending. Figure 5.6 (b) shows the J-V characteristics of 
such modules containing 20 cells in parallel in a flat state, bent along x-direction and, bent along 
y-direction relative to the interconnect direction. Due to the shadow effect, the short circuit 
current degradation was demonstrated along x-direction and y-direction bending, but the system 
was still fully functional. 
            In conclusion, thus far, nanostructures of relief formed by soft nano-imprint techniques 
can enhance the absorption and efficiency significantly at thicknesses less than ~3µm by 
increasing the optical pass length. In addition to light trapping structures, anti-reflection coating 
and back-surface reflectors greatly improved the performance of the ultra-thin microcells. 
Furthermore, we achieved extreme bendability with the arrays of ultrathin microcells. The 
fabrication method of extremely thin microcells offers significant reduction of silicon usage and 
enhances many interesting characteristics of this microcell technology. For example, decreasing 
the silicon thickness decreases the weight and improves the radiation hardness.  
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5.4 Figures     
 
        a) 
 
 
Figure 5.1 Side views of ultrathin microcells (~3 µm). (a) Arrays of microcells after partial undercut. (b) 
Magnified image of single microcell. 
 
 
 
 
b) 
 
 
44 
 
 
 
  
 
Figure 5.2 (a) Diagram of microcell arrays (left) and single-cell dimension and structure (right). 
(b) Schematic illustrations of LTS structures and fabrication progress. 
 
 
 
 
a) 
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               a)  
 
               b) 
 
Figure 5.3 (a) SEM of fabricated light-trapping structures. (b) Silicon microcell structure with ARC, LTS, 
and BSR. 
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                  a)  
 
 
 
 
 
 
 
 
 
 
 
                 b) 
 
        
 
 
 
 
 
 
 
 
 
Figure 5.4 (a) Experimentally measured absorption of photon flux for illumination by the AM 1.5D 
reference spectrum (also shown) as a function of wavelength for bare silicon, and LTS. (b) Simulated 
absorption of photon flux for illumination by the AM 1.5D reference spectrum (also shown) as a function 
of wavelength for bare silicon, and LTS.  
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Figure 5.5 (a) Spectrally resolved improvements in efficiency and absorption for microcells with LTS 
compared to those with bare silicon. (b) J-V curves for microcells consisting of bare Si, bare Si with LTS, 
bare Si with BSR, bare Si with LTS+BSR, and LTS+ARC+BSR, under AM 1.5D illumination. 
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Figure 5.6 (a) Photograph of solar module consisting of 108 by 14 arrays of ultrathin microcells on a PET 
substrate wrapped onto a cylindrical support. (b) Current density (J)-Voltage (V) curves with no bending, 
x-axis bending, and y-axis bending with 2mm bending radius and 20 cells in parallel. 
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Chapter 6. CONCLUSION 
 
Even though many new materials hold significant promise, opportunities continue to exist 
for silicon photovoltaic systems. In this regard, we have demonstrated the ability to develop 
unconventional types of ultrathin silicon photovoltaics by novel techniques. With the results 
from this thesis, ultrathin silicon microcells can be fabricated into versatile modules with high-
voltage outputs and solar fabrics that are not only flexible, but also stretchable. In addition, light- 
trapping structures on ultrathin (~3 μm) microcells enhance many characteristics that create 
interest in the microcell fabrication technology. These specific applications are a result of their 
micro- and nanoscale design combined with the ability to manipulate the material, in a practical 
way, by using elastomeric stamps and transfer printing. Collectively, the results show that the 
materials, design layout and performance are suitable for the fabrication of unconventional high- 
performance silicon PV modules, which cannot be achieved with conventional wafer-based PVs. 
Further investigation of ultrathin silicon solar cells will follow, and there will be many new and 
interesting discoveries as research in this area continues. 
 
 
 
 
 
 
 
 
 
